Introduction
The term fat embolism (FE) refers to free fat droplets in systemic and pulmonary capillaries [1] . FES, on the other hand, is a term reserved for symptomatic FE due to multiorgan dysfunction [1e3]. By far, traumatic long-bone fractures and orthopaedic surgeries most commonly cause FE (95%) [1] . Up to 5% of FE cases are caused by non-traumatic conditions such as haemoglobinopathy (for example, sickle cell disease), severe acute pancreatitis, diabetes mellitus, osteomyelitis, and prolonged use of steroid therapy, among others [1, 2] . In the literature, post-traumatic FES development is considerably variable with an incidence between 0.25%-35% depending on the diagnostic criteria, bone fracture multiplicity, and intramedullary nailing delay [1, 4] . While FES is usually a self-limiting disease with a good prognosis, fulminant FES accompanied by respiratory failure, cardiovascular collapse, or severe cerebral oedema was associated with mortality rates of 7%e20% in some series [1,3e6] .
FES can be a challenging diagnosis, as the symptoms are common in other critical illnesses and there is no reliable diagnostic laboratory test [1] . Therefore, the diagnosis is made by exclusion and is usually based on the clinical picture and supported by radiological observations [1, 3, 7] . The clinical FES presentation typically manifests 24e72 hours following the initial injury [1, 8] . The diagnostic criteria suggested by Gurd and Wilson for FES are widely used and based on the classical triad of hypoxia/hypoxaemia (95% of cases), central nervous system depression (60% of cases), and petechial haemorrhagic skin rash (33% of cases) [1] . Remarkably, the clinical triad was reported in only 3%e4% Figure 1 . A 17-year-old boy, a victim of road traffic accident, with delayed fixation of left femoral and left humeral fractures. (A) A frontal chest radiograph obtained 48 hours after trauma to investigate mild dyspnoea. Lung fields were normal. Note the left humeral neck displaced fracture (asterisk). (B) Computed tomography scan at the level of the carina obtained 2 hours after the chest radiograph. There were several poorly defined small random ground-glass opacity nodules and bronchial wall thickening in the upper lobes. Figure 2 . A 26-year-old man, a victim of road traffic accident, with left femoral and right tibial-fibular comminuted fractures. (A) A frontal chest X-ray (CXR) obtained 2 days following femoral and tibial intramedullary nail fixation demonstrated patchy, ill-defined peripheral consolidations located predominantly in lower lobe regions with peri-hilar ground-glass opacity. (B) These radiographic findings were monitored with CXR, which demonstrated a complete disappearance in 2 weeks. The resolution period of CXR abnormalities in fat embolism syndrome is typically 7e10 days. Figure 3 . A 22-year-old man, a victim of road traffic accident, with right tibial-fibular fracture, presented with dyspnoea 24 hours after intramedullary nail fixation of the tibial fracture. (A) Pulmonary computed tomography angiogram was obtained immediately after the onset of hypoxemia, the computed tomography scan was almost completely negative. (B) A subsequent computed tomography scan acquired 48 hours after the initial examination revealed a remarkable change in the lung parenchyma in form of bilateral patchy ground-glass opacity. of cases [7] . Schonfeld et al proposed an FE index centred on 7 clinical features to stratify FES probability [1] .
Pathophysiological Mechanisms
Many aspects of the pathophysiology leading to FES are controversial; nevertheless, 2 proposed processes take mechanical and biochemical theories into account [1] . The mechanical phase starts instantly after trauma; fat droplets from fractured long-bone marrow gain access to the circulation leading to embolization and mechanical obstruction of pulmonary capillary mesh-works. After a lucid period, the biochemical phase ensues from the breakdown of fat globules by lipase and the release of high concentrations of toxic free fatty acids and glycerol, which initiate various pulmonary changes characterized by perivascular haemorrhage, vasculitis, and oedema [1, 4] .
Thoracic CT Scan Findings
The lungs are the organ most commonly involved in FE and show more severe effects from FES [3, 6] . Because approximately 95% of cases present first with respiratory symptoms, the initial investigation of potential FES usually starts with thoracic imaging [1] . The conventional chest Xray (CXR) may be completely normal in mild cases, while it may demonstrate bilateral diffuse or patchy alveolar or interstitial opacities in severe cases. These radiographic findings, which typically develop 24e72 hours after a fracture or orthopaedic surgery, are non-specific [1, 7, 9] ( Figures 1 and 2) . Accordingly, the role of CXR in early pulmonary FES recognition is extremely limited; however, it can be useful in observing FES pulmonary opacity progression [1, 9] . The multi-detector pulmonary CT angiogram (PCTA) and high-resolution CT (HRCT) are the current imaging modalities of choice for investigating suspicious cases of FES and recognizing pulmonary radiological signs that may suggest an FES diagnosis in a proper clinical scenario [1] . Moreover, thoracic CT examination plays a significant role in the exclusion of alternative respiratory dysfunction aetiologies [1, 8] . Crucially, the radiologist must be cognizant of the possibility of clinicaleradiological dissociation, particularly when the scan is acquired immediately after hypoxemia onset. An almost entirely normal chest CT scan was reported in the presence of hypoxemia and a highly suspicious clinical background [4] ( Figure 3 ).
Common CT Findings

Ground-glass opacities and air-space consolidations
The most common CT findings in FES are ground-glass opacities (GGOs) and air-space consolidations [1, 4, 8] . GGOs are most commonly described as patchy (randomly distributed); however, diffuse, perivascular, and peribronchial distributions also have been reported [4, 8] . Further, GGOs are frequently associated with lobular-sparing FES, an imaging feature that may be useful in distinguishing FES from other complications following trauma [1, 7] . A GGO is often superimposed on septal thickening caused by interstitial oedema, producing the so-called crazy-paving pattern [4] . Surprisingly, Piolanti et al reported only smooth septal thickening, while Malagari et al described septal thickening with a predominantly nodular pattern [1,4,6e8] . Pulmonary consolidation, on the other hand, has been reported in more severe FES cases with a dependent (appearing in later stages of the disease) or nondependent distribution [4, 8] . Other patterns of consolidation distribution, including diffuse, multifocal, and peripheral, also have been described in the radiological literature [4, 6, 7] (Figures 4, 5, 6, and 7) .
Arakawa et al and Piolanti et al described the characteristic zonal predominance of parenchymal abnormalities; nodules, focal areas of GGO, and non-dependant consolidation were prevalent in the upper lobes, while gravitydependent consolidations were predominantly found in the lower lobes [4, 8] . Arakawa et al also suggested that lowerlobe abnormalities might indicate advanced disease or severe stage [8] . Clinically, Newbigin et al reported that the severity of hypoxemia and respiratory distress was correlated with the presence of pulmonary consolidation and GGOs involving >75% of the lung parenchyma, which reflects extensive pulmonary oedema and haemorrhage [7] .
Small pulmonary nodules
Small random or centrilobular pulmonary nodules less than 10 mm are a less frequent pattern. They are described either as well-defined or ill-defined, GGO or solid nodules and located predominantly in the upper lobes, peripherally in subpleural regions, and along the peripheral pulmonary vessels. These nodules are presumed to represent early-phase FES produced by the mechanical obstruction of pulmonary vessels by fat globules [1, 4] (Figure 8 ).
Overlapping nodular pattern in presence of consolidations and GGOs has been reported [4] .
Other CT Findings
Other less common findings include pleural effusion and bronchial wall thickening (Figure 9) ; the former has been described as limited and bilateral [1, 4] . A dilated pulmonary trunk and right ventricle due to pulmonary hypertension and right ventricular strain often develop in patients with fulminant FES and acute respiratory distress ( Figure 10 ) [1] . Rarely, PCTA may demonstrate a filling defect of fat attenuation within the pulmonary arteries, femoral veins, and/or inferior vena cava representing a macroscopic FE (Figure 11 ). In the pulmonary arterial tree, this finding (macroscopic FE) is usually associated with areas of consolidation, GGO, or nodules [5] . Although CT findings are expected to completely resolve in approximately 2 weeks, extremely rare CT manifestations are reported in the literature including diffuse intravascular microcalcifications and traction bronchiectasis with architectural distortion due to pulmonary fibrosis in late-stage disease [1, 8] .
Chest CT Differential Diagnosis of FES
Radiological features of pulmonary FES on CT have a differential diagnosis that includes pulmonary oedema, pulmonary contusion, thrombotic pulmonary embolism, pneumonia, and aspiration pneumonitis. The main imaging findings of each entity and distinguishing imaging features of FES are as follows: 
Pulmonary oedema
This usually manifests as bilateral symmetrical GGOs with a peribronchial or random distribution and upper-lobe predilection with smooth interlobular septal thickening, peribronchial cuffing, pleural effusion, and pulmonary venous engorgement. A normal bronchus/artery diameter ratio is a distinguishing radiological feature of FES [1, 4, 6, 8] ( Figure 12 ).
Pulmonary contusion
A pulmonary contusion typically appears as nonsegmental patchy focal or multifocal GGOs or consolidation with a poorly defined border and subpleural sparing (if small). A pulmonary contusion generally develops immediately or shortly after trauma (usually within 6 hours) in a distribution related to the traumatic mechanism and may be associated with a traumatic pneumatocele or laceration. Resolution of the pulmonary contusion starts within 24e 48 hours, with complete clearing in 3e10 days [1, 4, 6] ( Figure 13 ).
Thrombotic pulmonary embolism
The principal PCTA diagnostic criterion of acute thrombotic pulmonary embolism is an intraluminal filling defect of soft-tissue attenuation inside pulmonary arteries. In general, an acute pulmonary embolism is not associated with significant parenchymal alterations apart from peripheral wedgeshaped infarction consolidation. CT findings in FES are predominantly in the lung parenchyma [1, 4, 5] (Figure 14) .
Pneumonia
Infectious pneumonia has many CT patterns supported by a clinical presentation of fever and other symptoms and signs of infection. Most frequently, the GGO or consolidation is patchy or localized with a lobular distribution and may be associated with tree-in-bud opacities [1, 4] (Figure 15 ).
Aspiration pneumonitis
Aspiration has several radiographic patterns that usually develop a few hours after aspiration in patients with head trauma or an altered level of consciousness. The most common findings include tree-in-bud and peribronchial opacities of lobar or segmental distribution in dependent portions of the upper and lower lobes in addition to atelectasis and bronchial dilation. Conversely, tree-in-bud opacities are unusual in FES [1, 4, 6] (Figure 16 ).
Pulmonary atelectasis
Atelectasis refers to a partial or complete diminishment of lung volume, with or without consolidation, and can be classified into 6 types [10] . Of these types, compressive atelectasis (seen with tension pneumothorax or pleural effusion) and gravity-dependent atelectasis (seen at the dependent portions of the lungs, especially in bedridden hospitalized patients with prolonged shallow breathing) may demonstrate a confusing CT appearance (consolidation adjacent to pleural effusion or GGO at the dependent areas of the lungs), close to what is observed in FES [10] . However, compressive atelectasis is usually associated with moderateto-severe pleural effusion, while in FES, if there is pleural effusion, it is always small and bilateral [1, 4, 10] (Figure 17 ). The high density at the most dependent areas of the lungs, seen in supine CT due to gravitational effects, can be distinguished from GGO of FES by obtaining a prone CT, which demonstrates lung parenchyma normalization (Figure 18 ).
Summary
Pulmonary FES is a rare entity after long-bone fracture or orthopaedic surgery but an important cause of mortality and morbidity. Although lung CT is nonspecific, a chest CT scan (either HRCT or PCTA) plays an important role in the investigation of suspected FES. Importantly, the presence of consolidation, well-demarcated GGOs, or ill-defined centrilobular nodules on CT is suggestive of FES in the right clinical scenario.
Teaching Points
1.
A follow-up scan should be always considered after negative pulmonary CT is acquired shortly after the onset of hypoxia/hypoxemia if the clinical picture is suggestive of FES. 2. The location of pulmonary findings may provide a clue to the severity of FES. 3. The parenchymal consolidation and extent of GGOs correlate with disease severity and offer potential prognostic information. 4. CT findings of macroscopic fat globules in the vessels of the lower limbs or inferior vena cava in a trauma patient should alert the radiologist and clinician to the potential for subsequent FES. 5. Areas of lobular sparing within a GGO may be used as a feature to distinguish FES from other trauma-related complications and infection.
